Geometric features of micro-channel can significantly affect heat transfer rate or fluid mixing rate in applications where the micro-channels are functioning. Abrasive assisted electrochemical jet machining (AECJM) can machine complex micro-channels at metals with low-cost, high efficiency and good surface quality. This study presented a method for predicting channel width and channel depth machined using AECJM process. Two different models, namely quadratic polynomial model and dimensional analysis model, for predicting width and depth of micro-channel due to AECJM were developed and investigated. The result shows that the dimensional analysis model has more stable predictability than quadratic polynomial model. Jet diameter is the dominant factor affecting the channel width, while working voltage and machining time are main factors influencing the channel depth. The inter-relationship between channel width and channel depth can be expressed using presented predictive models. Afterwards, micro-channel with desired width and depth can be achieved through the inter-relationship and present models.
INTRODUCTION
The structure of micro-channels has been increasingly used in industries for heat exchanging, fluids flow and fluids mixing. For example, micro-channel heat sink is a type of small heat transfer device in which micro-channels are patterned to dissipate heat efficiently so as to keep the electronic components working properly [1] [2] . It also can be used in areas of biochemical analysis, medical diagnostics, drug delivery and micro-reactors where rapid mixing of species is needed [3] . Geometric features of micro-channel (e.g. channel shape, width and depth) will impact heat transfer or mixing rate significantly. For instance, Zhang et al [2] investigated the effect of three micro-channel shapes on cooling performance and found that it can be improved by optimization of the channel depth and width. Walunj et al [4] reported a study of pool boiling heat transfer and revealed that modification of channel geometries resulted in a maximum of 169% enhancement of the heat transfer rate. Therefore, how to control geometric features has become a research focus in manufacturing of micro-channel.
Technologies able to fabricate micro-channels at metals include micro-milling [5] , laser machining [6] , electro-discharge machining [7] , electrochemical machining [8] , biomachining [9] and jet machining etc [10] [11] . Among these processes, abrasive assisted electrochemical jet machining (AECJM) is a hybrid process capable of manufacturing micro-channels at a variety of metals [12] [13] [14] with advantages of low-cost and high efficiency. As illustrated in Fig.1 , the AECJM process combines electrochemical jet machining (ECJM) and abrasive water jet machining concurrently. The material removal of AECJM involves: (I) the mass loss due to anodic dissolution, (II) the mass loss due to erosion, and (III) the mass loss due to removal of passivation layer. This complicated mechanism of material removal causes great difficulty to develop theoretical models to identify each proportion of the three types of removal. Consequently, describing the evolution of machining surface can't be implemented as well. Up to date, most researches of AECJM have focused on mechanism of material removal and effect of processing factors on machining result. For example, Liu et al. [12] investigated synergistic effect of erosion and corrosion in AECJM of cobalt-based alloy. Zhang et al. [13] discussed effects of electrolytic concentration, working voltage and jet pressure on material removal rate in AECJM of SUS304. Fan et al. [14] and Liu et al. [15] studied AECJM of SKD11 mold steel and tungsten carbide respectively, and found that the abrasives can break oxide layer generated on the machining surface and subsequently increase the material removal rate of AECJM.
Recently, Liu et al. [16] proposed an empirical model for predicting width and depth of microchannel due to AECJM process. The model was expressed as a pair of nonlinear equations in which the output is a product of six process factors with exponentials. The drawback of this model is that the dimensions of the variables are inhomogeneous so that the importance of each process factor on result can't be well understood. Furthermore, it lacked expression of relationship between channel width and channel depth in applying the model. Thus, this study aims to overcome the shortcomings of above- mentioned work and improve the measure of controlling geometric features in AECJM of microchannel. Dimensional analysis is a commonly used modelling approach dealing with prediction of practical problems. It is based on the hypothesis that the physical process can be expressed by means of a dimensionally homogeneous equation in terms of specific variables. Recently, Chevalier et al. [17] developed a current density distribution model using this approach along the channel of a polymer electrolyte membrane fuel cell. Ferro et al. [18] applied this modelling measure to build up a flow resistance equation theoretically. In the field of machining technology, dimensional analysis has also been paid attention to describe the relationship between machining result and process factors. For example, Kumar et al. [19] developed a model for predicting material removal rate in ultrasonic machining of titanium using dimensional analysis and orthogonal experiment. Patil et al. [20] used dimensional analysis to construct a semi-empirical model for predicting material removal rate in wire EDM process in terms of thermo-physical properties of work piece and machining parameters.
Quadratic polynomial model, normally expressed as a sum of terms of main factors, two-factor interactions and higher-order factors [21] , is another important tool for empirically mapping the relationship between response of a process and its input variables [20] . Many research works have applied this approach to predict machining result in terms of process factors. For instance, Sankar et al. [22] developed a model to forecast material removal rate in processing composite by abrasive assisted electrochemical machining. Zhao et al. [23] experimentally derived a set of quadratic models for predicting surface roughness in ultrasonic vibration cutting of Inconel alloy. Kumaran et al. [24] also employed this modelling method to predict surface roughness in abrasive water jet machining of carbon fiber-reinforced plastics composites.
The objective of this study is to compare the performance of two different models developed using above reviewed two modelling approaches for predicting channel width and depth due to AECJM. The relationship between channel width and depth also has been investigated for design of target channel. Finally, this paper presented complex micro-channels with desired width and depth machined using the proposed model. Fig.2 illustrates the schematic of AECJM experimental apparatus used in the present work. As shown in the figure, a fluidic jet, which is mixed with electrolyte and Al2O3 abrasives, is pressurized and propelled to flow through a micro-sized orifice, and impinges to the surface of a metallic specimen where the material will be removed by anodic dissolution and particles erosion concurrently. A current supply, of which negative and positive poles are connected with metallic orifice and specimen respectively, is used to provide necessary potential for the electrochemical reaction in the process. A XY stage mounts the specimen and drives it along a pre-designed trajectory of the machining channel during the process. Table 1 shows the experimental conditions in this study. The specimen was prepared using material of stainless steel 316. The fluidic jet is mixed with tap water, 15wt% NaNO3 and Al2O3 abrasives with 1500 mesh size. This jet is formed as a size of 150 μm in diameter using an orifice with the same size. The jet is adjusted to impact the specimen vertically. The standoff distance between orifice and target keeps as 2 mm for the consideration of machining stability. Other process conditions, such as working voltage, concentration of abrasives, jet pressure, jet scan speed and number of jet scan passes, would be managed in different levels in the machining. Table 1 can affect channel width and depth to some extent, however, the significance of each parameter on that is different. Some of the parameters are inconvenient to be regulated during the process; others, on the other hand, are easy to control during the machining. Therefore, this study chose five parameters, i.e. working voltage (U), concentration of abrasives (A), jet pressure (P), jet scan speed (V) and number of jet scan passage (N), as variations to predict the width (W) and depth (H) in AECJM of micro-channels. 
EXPERIMENTAL CONDITIONS

RESULTS AND DISCUSSION
Modelling with quadratic polynomial
The quadratic polynomial model of channel width (W) and channel depth (H) are expected to have terms of main factors, two-factor interactions and high order factors. The effect of hierarchy indicates that main factors are more important than two-factor interactions, while two-factor interactions are more important than higher-order factors. For purpose of simplification, this paper eliminated higher-order factors. Thus, the model will be shown as:
where a0 is a constant coefficient relating to unchanged process conditions, ai represents the coefficients of linear terms (main factors), aij represents the coefficients of two-factor interaction, and n is the total number of main factors. Therefore, the quadratic models of channel width and depth can be described as:
where the U, A, P, V and N represent working voltage (volt), concentration of abrasive (%), jet pressure (MPa), jet scan speed (mm/s) and number of jet scan passages (integer). The necessary data for solving Eqs. (2) and (3) was collected by performance of an orthogonal experiment. Table 2 lists the experimental factors and levels, and Table 3 shows the experimental W H design and machining results. The results show that the obtained 27 micro-channels have width varied from 259 to 322 μm, and depth varied from 30 to 181 μm. The coefficients of the models were determined by using the experimental data in Table 3 . One main factors and two two-factor interaction, e.g V, AV and PV, have been eliminated from the final equations because the coefficients of a4, a11, a13, b4, b11 and b13 are obtained as zero. 
Modelling with dimensional analysis
Besides of working voltage, concentration of abrasive, jet pressure, jet scan speed and jet scan passages, additional five parameters have been introduced into the modelling of channel width and depth in applying dimensional analysis. These five additional processing parameters were selected as jet diameter (D), standoff distance (S), electrochemical equivalent (ω), density of abrasive (ρa) and elastic module of target material (E) because the mechanism of material removal is a combination of corrosion and erosion. Thus, the channel width W can be expressed as:
= ( , , , , , , , , ) (6) Similarly, the channel depth H can be described as:
= ( , , , , , , , , ) Table 4 lists the dimensions of the ten variables used in modelling of W and H, where M, L, T, I represent dimensions of mass, length, time and current, respectively. According to the Faraday's law, anodic dissolution rate is proportional to potential applied between electrodes (U) and is inverse proportional to electrochemical equivalent of metal (ω). Moreover, the mass loss during machining of channel is inverse proportional to jet scan speed (V). Thus, the parameters of U, ω and V can be organized as a dimensionless variable (9) where k0, k1, k2, k3, k4, k5, q0, q1, q2, q3, q4, q5 are dimensionless coefficients. The ω is a weighted average equivalent of all composition of stainless steel 316, as listed in Table 5 . The values of D, S, ρa and E are fixed as 150 μm, 2 mm, 3950 kg/m 3 and 200 GPa in this study. k0, k1, k2, k3, k4, k5, q0, q1, q2, q3 , q4, q5 in equations (8) and (9) can be solved by using experimental data in Table 3 . As a result, the model of channel width and depth turned out to be: 
Finally, the equations (10) and (11) Table 6 lists comparison of validation for quadratic polynomial model (model-1) and dimensional analysis model (model-2) using experimental data of Table 3 . The prediction of model-1 achieved an average error of 2.1% and a maximum error of 6.6% for channel width, and an average error of 2.7% and a maximum error of 7.8% for channel depth. For the model-2, the averaged and maximum predicted errors of channel width and depth are 2.5% and 8.6%, and 4.3% and 11.1%, respectively. The results show that the prediction of both models agreed well with the experimental data used to solve them. Although the model-1 achieved a little higher accurate prediction than model-2 according to the experiments in Table 3 , it doesn't mean that model-1 can perform better than model-2. It seems that the performance of quadratic polynomial model is highly relevant to the experimental variable ranges [23] . The model-1 may not work very well out of the experimental variable ranges. On the other hand, modelling using dimensional analysis can theoretically describe the physical relationship of experimental variables and subsequently show a robust in the performance [18] . This was verified by the additional validation in the following section. The model-2 shows that the five parameters affect the channel width slightly. This is consistent with the findings of literatures [10, 25, 26] in which the channel width normally ranged approximate from 150% to 200% of the jet diameter used, although the channel width could be slightly influenced by other parameters. In other words, the jet diameter is the dominant factor affecting channel width. The reason is that the removal of channel depth is higher than that of channel width. Literature [27] demonstrated a two-stage channel formation in jet machining of micro-channel, where a footprint relatively wider than jet diameter is initially formed in the first stage (jet scan passes ≤ 2). After the initial formation of the channels, a second stage of channel formation is hypothesized to occur wherein most of the jet flow from the footprint is directed along the length of the channel rather than radially and up the sidewalls. This would result in decreasing the removal of the sidewalls relative to the channel depth in the region of the footprint. Similar evidence for such behaviour exists in the study of the AWJM [28] .
Comparison of validation between two models
The Eq. 13 shows that channel depth is markedly dependent on working voltage, jet scan speed and jet scan passes. Among these three parameters, the working voltage has the most significance impact on channel depth. This is because the anodic dissolution dominates the material removal in AECJM [26] . In any process of ECM, the mass loss due to anodic dissolution is determined by Faraday's law, wherein the dissolution rate is proportional to the potential drop between electrodes. Higher working voltage would increase higher machining current and therefore result in faster anodic dissolution rate [29, 30] . As discussed previously, in the machining of micro-channel, the removal of channel depth is relatively faster than that of sidewall in the second stage of channel formation. As a result, the working voltage obtained the greatest value of power index in Eq. 13.
Predictability is another issue needs to be investigated for the proposed models. A set of experiment with conditions exclusive of Table 3 was conducted to test the two models additionally.
The parameters, selected as extreme conditions in present study, and correspondent machining results are listed in Table 7 . Fig. 4 demonstrates the photo and cross-sectional profiles of the machined channels of Table 7 . Table 8 lists the validation of quadratic polynomial model and dimensional  analysis model according to the experimental data in Table 7 . The result shows that, for the extreme experiments, the prediction of quadratic model shows a worse agreement than dimensional analysis model. Specifically for experiment coded as "Ch-3", the quadratic model output the channel depth as a negative value which is obviously a fault. This indicates that the quadratic model is only applicable over the parameters' space used for developing the model. On the other hand, the dimensional analysis model agreed with experimental data with an average error of 9% for the four experiments. 
Inter-relationship between channel width and channel depth
The presented two models provide a way to control channel width and depth with five processing factors in AECJM machining. However, the width W should not be independent of depth H because changing any processing parameter will affect W and H simultaneously. In other words, the W interrelates with the H for a given machining condition. Thus, it is highly necessary to find out the relationship of channel width and channel depth before applying predictive models. Figs. 5 and 6 show the main effect of parameters of U, A, P, V and N on channel width and channel depth respectively, according to the experimental data in Table 3 . It can be seen from the Fig.  5 that the machining parameters of U=160(V), A=0.9(wt%), P=4.0(MPa), V=0.08(mm/s) and N=10 may achieve a maximum width, and the parameters of U=100(V), A=0.6(wt%), P=3.0(MPa), V=0.04(mm/s) and N=4 will result in a minimum width accordingly. Similarly, the parameters for maximum and minimum depth can be predicted by Fig.6 . Table 9 lists geometric features of four channels with maximum W, minimum W, maximum H and minimum H predicted by dimensional analysis model. As illustrated in Fig. 7 , these four channels contain a region where channel width and channel depth should be reachable concurrently using the predictive model. 
Example of machining with desired width and depth
According to the relationship of the width and the depth in Fig. 7 , a target channel with desired W=280 μm and H=80 μm was selected to verify the present measure to control geometric features in AECJM process. Table 10 lists the process parameters calculated using dimensional analysis model. For consideration of machining efficiency, the V and N have been assigned as V=0.04 mm/s and N=4.
The jet pressure P selected as 3 MPa, and subsequently A and U were calculated as 0.7 wt% and 170 V which exceeds the space of the working voltage in Table 2 . Fig. 8 exhibits six micro-channels machined with parameters in Table 10 . Compared with the desired channel width of 280 μm, statistic shows that the 6 channels have a maximum error of 20 μm (7.1%) and an average error of 12.8 μm (4.6%). Similarly, the depths of the 6 channels have a maximum error of 5 μm (6.2%) and an average error of 3.1 μm (3.9%). The result again shows that the prediction of dimensional analysis model agreed well with machining performance. Fig. 9 illustrates two examples of complex micro-channels machined using parameters in Table 10 . Table 10 . Desired channel width, depth and calculated parameters.
Desired dimensions
Calculated parameters Table 10 (a) (b) Figure 9 . Machining of complex micro-channels.
CONCLUSIONS
This paper presented a method for predicting channel width and channel depth machined using abrasive assisted electrochemical jet machining. Two different models, i.e. quadratic polynomial model and dimensional analysis model, were developed and investigated through experimental data. The following conclusions can be drawn:
(i) Both models have good agreement with experiments within the experimental variables ranges. However, the quadratic polynomial model has the failure possibility to predict result with parameters outside of the experimental variables ranges. The dimensional analysis model performs more stable than the quadratic polynomial model. (ii) Jet diameter is the dominant factor affecting the channel width, while other parameters have slight influences on that. This is because most of the jet flow is directed along the length of the channel rather than radially and up the sidewalls after initial formation of machining channel. On the other hand, the channel depth can be significantly affected by working voltage due to the reason that anodic dissolution dominates the material removal in the present process.
(iii) There is an inter-relationship between channel width and channel depth in applying predictive models. This inter-relationship can be graphically expressed through prediction of the maximum and minimum of the width and depth for a given set of process conditions. A target channel can be achieved with desired width and depth according to the relationship and the proposed model.
